The molecular basis for control of the cytoskeleton by the Arf GTPase-activating protein AGAP1 has not been characterized. AGAP1 is composed of G-protein-like (GLD), pleckstrin homology (PH), Arf GAP, and ankyrin repeat domains. Kif2A was identified in screens for proteins that bind to AGAP1. The GLD and PH domains of AGAP1 bound the motor domain of Kif2A. Kif2A increased GAP activity of AGAP1, and a protein composed of the GLD and PH domains of AGAP1 increased ATPase activity of Kif2A. Knockdown (KD) of Kif2A or AGAP1 slowed cell migration and accelerated cell spreading. The effect of Kif2A KD on spreading could be rescued by expression of Kif2A-GFP or FLAG-AGAP1, but not by Kif2C-GFP. The effect of AGAP1 KD could be rescued by FLAG-AGAP1, but not by an AGAP1 mutant that did not bind Kif2A efficiently, Arf-GAP1-HA or Kif2A-GFP. Taken together, the results support the hypothesis that the Kif2A⅐AGAP1 complex contributes to control of cytoskeleton remodeling involved in cell movement.
With 31 genes in human, the Arf GAPs outnumber the Arfs. In addition to functioning as isoform-specific regulators, the GAPs are thought to be site-specific regulators of Arfs, and there has been some speculation that they function as Arf effectors (2, 6, 7) . However, site-specific targeting, regulation, and effector function of Arf GAPs remain relatively unexplored.
AGAPs are a subtype of Arf GAPs named for the domain structure of G-protein-like, also called mitochondria Rho-like (miro), split PH, Arf GAP, and ankyrin repeats (see Fig. 1A for schematic) (8) . Like other Arf GAPs, the AGAPs studied to date affect membrane trafficking and actin cytoskeleton. AGAP1 binds directly to the clathrin adaptor protein AP-3, which together with clathrin can form a vesicular coat (9) . AGAP1 also binds to muscarinic receptor and affects its trafficking (10) . The related protein AGAP2 binds to ␤-arrestin, which affects Erk signaling (11) , and to focal adhesion kinase, which controls focal adhesions and, presumably, cell migration (12) , a plausible function for AGAP1 as well given its effect on both actin cytoskeleton and membrane traffic (8) .
Kinesins are microtubule-binding proteins (13, 14) . Kinesins have a nucleotide-binding fold that binds and hydrolyzes ATP. For most kinesins, the energy of ATP hydrolysis is used to translocate along microtubules. Kif2A is a member of the kinesin-13 family, which are unconventional kinesins (15) . The motor domain is located midway along the amino acid sequence of the protein with a targeting domain N-terminal to the motor and a dimerization domain C-terminal of the motor. The closely related Kif2C diffuses along the microtubule lattice independent of ATP hydrolysis. It binds the end of the microtubules where ATP hydrolysis drives the removal of tubulin dimers (16) . Unlike Kif2C (17) , Kif2A is expressed in terminally differentiated cells including neurons (18) and cardiomyocytes (19) . A limited number of studies have examined kinesin-13s in interphase cells. Kif2A has been found to affect microtubule dynamics (20) and axonal branching (18) . Kif2 has been reported to affect lysosomal positioning (21) . Increased Kif2A expression levels have also been reported to be an indicator of poor prognosis and higher metastatic potential, and to contribute to cell migration and invasion in vitro in squamous cell carcinoma and breast cancer (22, 23) . In transformed bronchial epithelial cells, Kif2A and Kif2C levels are regulated by K-Ras and contribute to the invasive behavior of the cells, but not to epithelial-to-mesenchymal transition (24) .
Here, we identified kinesins in a screen for proteins that bind to and regulate AGAP1 activity. Subsequent examination revealed a specific and functional interaction with Kif2A, resulting in activation of AGAP1 GAP activity. Reciprocally, AGAP1 increased ATPase activity of Kif2A. Furthermore, in interphase cells, Kif2A and AGAP1 had a common effect on cell migration and cell spreading. The effect of knockdown of Kif2A on cell spreading could be rescued by expression of AGAP1, but the effect of knockdown of AGAP1 was not rescued by Kif2A overexpression, suggesting that Kif2A may function upstream of AGAP1. We propose that the Kif2A and AGAP1 complex controls cell movement and migration.
Results
In previous work, we found that the GLD and PH domains of AGAP1 are critical for regulated GAP activity (25) . Rho family GTP-binding proteins are binding partners that stimulate catalytic activity of AGAP1; however, the affinity is relatively low (K d greater than 10 M), and the biological significance is not clear. As an initial test of the possibility that there are other binding partners that bind to the GLDPH domains of AGAP1 to regulate catalytic and biological activity, we screened for binding partners using a proteomic approach (column 3 of Table 1 ). In these experiments, a protein composed of the GLDPH domain with an N-terminal fusion to 10 histidines was adsorbed to large unilamellar vesicles (LUVs) and mixed with a lysate of HeLa cells. The LUVs were floated through a sucrose gradient, and the associated proteins were identified by mass spectrometry of trypsinized fragments. A Ras family GTPbinding protein, actin and actin-associated proteins, and a kinesin (Kif5) were identified. We also have access to a database of two-hybrid screens (Center for Cancer Research Database for Antibodies and Protein Interactions, CCRDAPI). We examined the results for the three AGAPs containing the GTP-binding protein-like domain (also called the miro domain). We include the original screening results in Table 1 . Column 1 has the results for AGAPs as bait, and column 2 shows protein baits that bound to AGAPs as prey. Ras superfamily GTP-binding proteins, actin-associated proteins, and a kinesin (Kif5B using AGAP3 as bait) were again identified.
We focused on kinesins, a class of proteins that have roles in membrane and cytoskeleton remodeling (13, 14) , for further examination as possible binding partners. FLAG-AGAP1 was expressed in HeLa cells and immunoprecipitated from the cell lysates using an antibody to the FLAG epitope. Immunoblotting of the precipitates was used to determine the presence of representative kinesins, including Kif5B (kinesin 1), Kif2A and Kif2C (kinesin 13s), and Kif3A. The most robust signal was observed for Kif2A (Fig. 1B) . We tested for specificity of the antibody by expressing GFP-tagged Kif2A, Kif2B, and Kif2C and comparing immunoblotting signals using antibodies to GFP or the antibody to Kif2A. Signal was similar for all three kinesins when blotting for GFP, but signal was only observed with GFP-Kif2A when using the antibody for Kif2A (Fig. 1G ). GST-AGAP1 was incubated with HeLa cell lysates and precipitated with glutathione-conjugated beads. Kif2A was coprecipitated (Fig. 1D ).
The association with Kif2A was specific for AGAP1. AGAP1 was compared with other Arf GAP types (Fig. 1C) . FLAG-AGAP1, FLAG-ASAP1, FLAG-ACAP1, and FLAG-ARAP1 were expressed in HeLa Cells and immunoprecipitated from cell lysates. The precipitates were analyzed by immunoblotting for Kif2A. The most robust signal for Kif2A was observed with AGAP1. A faint signal was observed with ASAP1. AGAP1 was also compared with AGAP2 and AGAP3 using the same experimental design (Fig. 1B) . The signal was most robust for AGAP1, although all three associated with Kif2A to some extent.
FLAG-AGAP1 and Kif2A colocalized in HeLa cells (Fig. 1E ). FLAG-AGAP1 was expressed in HeLa cells. The cells were incubated on fibronectin-coated coverslips in serum-free medium for 6 h and then fixed and prepared for immunofluorescence. FLAG-AGAP1 and Kif2A colocalized in one of two distinct distributions. In many cells, the proteins were in large, indistinct structures, possibly representing aggregated proteins (not shown). This phenotype was associated with higher expression levels of AGAP1. In cells with lower expression levels, the proteins sometimes colocalized in structures in the cell periphery ( Fig. 1E is a representative cell, and Fig. 1F is a summary of the Pearson's coefficients determined in three experiments, 10 cells/experiment). A related Arf GAP, ARAP1, did not colocalize with Kif2A (Fig. 1F) . A diffuse perinuclear signal with the Kif2A antibody was also observed. Unfortunately, antibodies for endogenous AGAP1 suitable for immunofluorescence are not available for further analysis.
We next mapped the domains of Kif2A and AGAP1 that mediated the association of the proteins. For Kif2A, the motor domain was necessary and sufficient for binding AGAP1. Recombinant His 10 -[1-124]Kif2A and His 10 -[193-531] Kif2A, expressed in and purified from bacteria, were incubated with GST-AGAP1. GST-AGAP1 was precipitated with glutathione-conjugated agarose beads. The presence of Two-hybrid experiments were performed by Myriad Genetics. In proteomic studies, HeLa cell lysates were mixed with LUVs to which the GLDPH fragment of AGAP1 had been adsorbed. The mixture was mixed with sucrose and layered in a discontinuous sucrose gradient and was subject to centrifugation. Proteins that associated with LUVs that floated through the sucrose gradient were analyzed by mass spectrometry. MPRIP, myosin phosphatase Rho-interacting protein. His-tagged protein in the precipitates was determined by immunoblotting ( Fig. 2A) The PH and GLD domains both contribute to binding Kif2A. Our initial experiments designed to map the binding site involved expressing FLAG-tagged fragments of AGAP1 in HeLa cells, immunoprecipitating proteins from the cell lysates through the FLAG tag, and probing the precipitates for endogenous Kif2A by immunoblotting (not shown). We found that the PH domain of AGAP1 was necessary and sufficient to precipitate Kif2A. However, AGAPs may oligomerize through the PH domain; endogenous AGAP1 also coprecipitated with the PH domain. 4 Therefore, it was possible that a domain in addition to the PH domain was necessary for binding. The experiment was repeated with purified GST-AGAP1 fragments and purified His 10 -[193-531]Kif2A, which contains the motor domain of Kif2A (Fig. 2B) . In these experiments, GST-AGAP1 and GST-GLDPH domain precipitated Kif2A, but GST-PH or GST-GLD did not. These results support the idea that the GLD and PH domain together comprise the binding site.
AGAP as bait in two-
We determined whether Kif2A binding to AGAP1 affected GAP activity. In initial experiments, we titrated AGAP1 into a reaction mixture containing myristoylated Arf-GTP (myrArf-GTP) and LUVs (Fig. 3A) . In some reactions, the LUVs contained phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P 2 ). Reactions also contained Kif2A as indicated. Kif2A had no effect on activity when PtdIns(4,5)P 2 was absent. PtdIns(4,5)P 2 reduced the amount of AGAP1 needed for activity. In the presence of PtdIns(4,5)P 2 , Kif2A further reduced the amount of AGAP1 needed for half-maximal hydrolysis by ϳ10-fold (note the logarithmic scale). We also titrated proteins composed of fragments of Kif2A into a reaction mixture containing AGAP1, myrArf1⅐GTP, and LUVs with PtdIns(4,5)P 2 (Fig. 3B ). Activation was most efficient with the motor domain present, with 30 -60-fold differences in efficiency for activation between protein fragments containing the motor domain and those that do not.
We mapped residues within the GLD necessary for activation of AGAP1 (Fig. 4) . We selected negatively charged residues on the surface including several within and at the edge of motifs equivalent to switch 1 and switch 2 in G-proteins (Fig. 4, A and  B) . A number of the mutants affected activity in the absence of Kif2A, particularly within the switch motifs, although the effects were less than 5-fold (Fig. 4, C and D) . The most dramatic effects of the mutants were on Kif2A-stimulated activity (Fig. 4, F Interaction between AGAP1 and Kif2A. A, schematic of the domain structure of AGAP1 and recombinant proteins. Ank, ankyrin repeat. B, coimmunoprecipitation of kinesins with FLAG-tagged AGAPs. HeLa cells were transfected with an empty pCI vector or pCI with cDNA for FLAG-AGAP1, FLAG-AGAP2, or myc-AGAP3. The cells were lysed after 24 h. Proteins from the lysates were immunoprecipitated with an antibody against the FLAG or myc epitope, and the precipitates were probed with an antibody against Kif2A, Kif2A, Kif3A, and Kif5B. IB, immunoblotting. C, association of GST-AGAP1 with Kif2A in a cell lysate. HeLa cell lysate was incubated with GST or GST-AGAP at 4°C overnight. GST was precipitated with glutathione beads, and Kif2A was detected in the precipitates by immunoblotting using a polyclonal antibody against Kif2A. The total Hela cell lysate was included as a positive control. IP, immunoprecipitation. D, co-immunoprecipitation of Kif2A with four Arf GAP subtypes. HeLa cells were transfected with empty pCI vector or pCI with cDNA for FLAG-ASAP1, FLAG-ARAP1, FLAG-ACAP1, or FLAG-AGAP1. The cells were lysed after 24 h. Proteins from the lysates were immunoprecipitated with an antibody against the FLAG epitope. The precipitates were probed with an antibody against Kif2A. E, colocalization of FLAG-AGAP1 and endogenous Kif2A. Hela cells were transfected with FLAG-AGAP1 for 24 h. Cells were replated on fibronectin-coated coverslips in Opti-MEM for 6 h. The cells were fixed and stained using a monoclonal anti-FLAG antibody and a polyclonal rabbit anti-Kif2A serum. A 0.9-m slice of the ventral surface is shown. F, quantification of colocalization of Kif2A with FLAG-AGAP1 and FLAG-ARAP1. Pearson's coefficients for Kif2A with either FLAG-AGAP1 or FLAG-ARAP1 in the periphery of the cells were determined for 30 cells (10 from each of 3 experiments). The data presented are the mean Ϯ S.D. p Ͻ 0.0001 for FLAG-AGAP1-Kif2A. G, specificity of Kif2A antibody. Kif2A-GFP, Kif2B-GFP, and Kif2C-GFP were expressed in HeLa cells. The cell lysates were analyzed by immunoblotting using either the anti-Kif2A antibody and/or the anti-GFP antibody. Although all three proteins were expressed at similar levels, indicated by the signal with the anti-GFP antibody, signal was only observed with Kif2A when using the anti-Kif2A antibody. The beads were washed with PBS three times, and the samples were separated on SDS-PAGE and immunoblotted (IB) with polyclonal anti-His antibody. C, domains of AGAP1 that are necessary and required for binding to Kif2A motor domain. 100 nM His 10 -[193-531]Kif2A was incubated with 30 g of GST-GLDPH, GST-PH, GST-GLD, and GST-AGAP1 (see schematic in Fig. 1 for domains). GST and no GST were used as controls. After an incubation at 37°C for 30 min, the glutathione beads were washed with PBS three times, and the samples were separated on SDS-PAGE and immunoblotted with polyclonal anti-Kif2A antibody. CC, coiled-coil; *, indicates position of the GST fusion protein. OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41
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We also tested residues within the unique insert within the PH domain for effects on Kif2A-stimulated GAP activity. The insert has a stretch of positively charged amino acids that we considered to be potentially important for activity. Mutating two pairs of these residues to negatively charged amino acids (K474D,K475D, and K479D,K480D) reduced both basal and Kif2A-stimulated activity (Fig. 4 
, E and H).
We next determined the effect of the mutations in the GLD and PH domain on binding to Kif2A. For these experiments, AGAP1 proteins containing the indicated mutations were expressed in HeLa cells and immunoprecipitated, and Kif2A coprecipitation was detected by immunoblotting ( Fig. 4I) . None of the mutations in the GLD that we tested had an effect on the amount of Kif2A detected. However, Kif2A did not efficiently coprecipitate with either
We examined the possibility that AGAP1 regulated the ATPase activity of Kif2A. In initial experiments, the motor domain of Kif2A was titrated into a reaction mixture containing microtubule fragments, ATP, and as indicated, the fragment of AGAP1 that efficiently bound Kif2A (GLDPH) (Fig. 5A ). The reaction was initiated by the addition of ATP and terminated after 5 min. ATP hydrolysis, measured as the release of orthophosphate, was linearly dependent on Kif2A in this concentration range. The presence of GLDPH increased activity by ϳ2-fold. GLDPH, the PH domain of AGAP1, and a recombinant AGAP1 lacking the GLD and PH domains (ZA) were titrated into reaction mixtures containing ATP and Kif2A as indicated (Fig. 5B) . ATPase activity in reactions containing Kif2A was increased ϳ75% by the addition of GLDPH. The PH domain increased activity by ϳ30%. ZA had no effect. Neither GLDPH nor ZA had detectable ATPase activity by themselves.
We examined the effect of GLDPH with mutations that reduced Kif2A-stimulated GAP activity.
[E125Q]GLDPH stimulated Kif2A ATPase activity to the same extent as did wild type GLDPH (not shown). [K474D,K475D]AGAP1 (mutation in the context of full-length protein) was compared with wild type AGAP1 (Fig. 5C ). Like GLDPH, fulllength AGAP1 stimulated Kif2A ATPase activity, whereas [K474D,K475D]AGAP1, which does not bind Kif2A efficiently (Fig. 4I) , did not.
AGAP1 cellular function has been examined exclusively in interphase cells. One effect of AGAP1 overexpression is to reduce actin stress fibers in cells. AGAP1 also regulates membrane traffic. Kif2A has been reported to affect migration and invasion of cancer cells, activities dependent on coordinated remodeling of membranes and actin. To explore the potential function of the complex of AGAP1 and Kif2A, we used siRNA to reduce expression (henceforth called "KD" for knockdown) of each and examined the effect on cell migration using a wound healing assay. We found that reduction of either AGAP1 or Kif2A reduced the rate at which cells moved into the wound (Fig. 6 ). The effect was seen with a pool of siRNA and individual siRNA for each protein.
We also examined the effect of AGAP1 and Kif2A on cell spreading, another cell function dependent on actin and membrane remodeling (Fig. 7) . KD of either AGAP1 or Kif2A accelerated the rate of cell spreading. The effect of KD of AGAP1 was reversed by expressing FLAG-AGAP1 from a plasmid but not by ArfGAP1, another Arf GAP that also used Arf1⅐GTP as a substrate (Fig. 7A) . The KD of Kif2A was reversed by expression of Kif2A-GFP but not the related Kif2C-GFP (Fig. 7B) . The contribution of each domain of AGAP1 to the effects on cell spreading was examined. Expression of FLAG-PZA (AGAP1 without GLD) was able to partially rescue the effect of knockdown, whereas AGAP1 lacking GAP activity, FLAG-[R599K]AGAP1, or AGAP1 that was not activated by Kif2A, FLAG-[E125Q]AGAP1, rescued as well as did wild type FLAG-AGAP1 (Fig. 7C) . It is plausible that the mutants are not fully active but are able to rescue because of the degree of overexpression. Expression of FLAG-[K474D,K475D]AGAP1 did not rescue the effect of AGAP knockdown (Fig. 7D) . Expression of GLDPH could not reverse the effect of knockdown of AGAP1 (Fig. 7C ) but instead accelerated spreading in the presence of endogenous AGAP1, consistent with its function as a dominant negative (Fig. 7E) .
To gain insight into which protein was mediating the effects on cell spreading, we determined whether overexpression of one member of the AGAP1⅐Kif2A complex could compensate for the loss of the other protein (Fig. 8) . FLAG-AGAP1 overexpression rescued Kif2A KD. The unrelated ArfGAP1-HA did not. In contrast, Kif2A-GFP overexpression did not rescue AGAP1 KD. Kif2C-GFP did not rescue either, which was anticipated given that it could not rescue Kif2A KD. These results might indicate that AGAP1 functions downstream of Kif2A. 
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The effect of AGAP1 fragments and mutants on accelerated spreading in Kif2A knockdown was determined (Fig.  8C) . Neither FLAG-GLDPH nor FLAG-ZA reversed the effect of Kif2A knockdown. FLAG-[R599K]AGAP1 reversed the effect, but not to the same extent as did wild type FLAG-AGAP1. OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41
Discussion
We set out to find binding partners of AGAP1 with two goals. AGAP1 is regulated by its GLD and PH domain, but the molecular basis is not understood. Identification of binding partners for the regulatory domains could provide insights into the mechanisms of regulation. The second goal was to gain insight into the biological function of AGAP1. We discovered that AGAP1 binds Kif2A, a kinesin-13 family member with interphase functions that include the control of cell migration and invasion of cancer cells. Kif2A, synergistically with PtdIns(4,5)P 2 , stimulated AGAP1 GAP activity. Conversely, AGAP1 stimulated Kif2A ATPase activity. KD of either Kif2A or AGAP1 similarly accelerated cell migration and cell spreading. Expression of wild type FLAG-AGAP1 reversed the effect of KD of endogenous AGAP1. Expression of a point mutant or a deletion of a mutant of AGAP1 that bound Kif2A poorly only partly reversed the effect of AGAP1 KD. A deletion mutant of AGAP1 containing only the Kif2A-binding domains(GLD-PH) functioned as a dominant negative, accelerating spreading. AGAP1 overexpression compensated for reduced Kif2A expression, but Kif2A overexpression did not compensate for reduced AGAP1 expression. In addition to identifying allosteric control of AGAP1 by PtdIns(4,5)P 2 and Kif2A, these results support the idea that the AGAP1⅐Kif2A complex regulates cytoskeleton remodeling associated with cell movement.
We are considering two roles for the Kif2A⅐AGAP1 complex. First, it is possible that Kif2A-stimulated Arf GAP activity controls a membrane trafficking step, which must occur in parallel with microtubule changes. Reciprocal regulation of the GAP and Kif2A would ensure that the events are coordinated. However, GAP activity is not required for rescue of the spreading phenotype of AGAP1 knockdown. Another possibility is that cooperative binding of PtdIns(4,5)P 2 , kinesin, and Arf1⅐GTP functions as a coincidence detector, recruiting AGAP1 to a specific site where it might function as an adaptor. In this case, overexpressed AGAP1 might overcome a deficiency in Kif2A because efficient recruitment is not required when the AGAP1 levels are elevated, which is analogous to high concentrations of Kif2C not requiring interaction with EB1 for targeting and microtubule depolymerization (26, 27) . Kif2A stimulation of GAP activity could serve as a feedback mechanism if Arf⅐GTP contributes to regulating Kif2A. These functions of regulated GAP activity are not mutually exclusive.
The regulation of AGAP1 by PtdIns(4,5)P 2 and Kif2A may involve a number of interdomain dependences. The first is related to binding the ligands. The GLD domain is required but not sufficient for AGAP1 binding to Kif2A. The PH domain is Fig. 3A) , and 1.0 nM of wild type AGAP1 or the indicated mutants. I, binding of mutant AGAP1 to Kif2A. FLAG-tagged wild type AGAP1 or the indicated mutants were expressed in HeLa cells. Cells were lysed, and the FLAG-tagged proteins were immunoprecipitated (IP) with an anti-FLAG antibody. Kif2A was detected in the precipitates by immunoblotting (IB) using an anti-Kif2A antibody. In the left panel, immunoprecipitated FLAG-tagged protein was detected by Ponceau S staining. In the right panel, immunoprecipitated FLAG-tagged protein was detected by immunoblotting for the FLAG epitope.
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also required. One plausible explanation for the dependence is that Kif2A and AGAP1, via its PH domain, bind to PtdIns(4,5)P 2 to concentrate the two proteins on the same surface to promote binding of Kif2A to the GLD of AGAP1. However, other mechanisms should be considered. APPL1 is an example of a protein in which the binding surface for the GTPbinding protein Rab5 is contributed by both the BAR and the PH domain (28) . Similarly, Kif2A may contact both the GLD and the PH domains.
The mechanism of allosteric regulation of GAP activity by Kif2A and PtdIns(4,5)P 2 similarly involves interdomain dependences. Both the GLD and the PH domains contribute to regulation of AGAP1 GAP activity. The effect of Kif2A on GAP activity depends on PtdIns(4,5)P 2 . Similar to the possible role of the PH domain in concentrating AGAP1 on a surface that also contains Kif2A, binding of Kif2A and PtdIns(4,5)P 2 could concentrate AGAP1 more specifically on a surface for site-specific activity against Arf⅐GTP. Alternatively, PtdIns(4,5)P 2 may modify the conformation of the PH domain, promoting binding to Kif2A, or may affect the interaction of the PH domain with the GLD, possibly creating a binding site. However, the regulation of the GAP activity is likely to involve more than control of binding of the two ligands. Kif2A bound to [E125Q]AGAP1, but did not stimulate GAP activity, indicating that binding to PtdIns(4,5)P 2 and Kif2A is not sufficient. We are further investigating the molecular basis of the cooperative interaction.
Kinesin-13s are regulated by both phosphorylation and direct protein interactions. During mitosis, phosphorylation of the N-terminal domain of Kif2A (29) and Kif2C (30) by aurora B inhibits activity, whereas Plk1 phosphorylation promotes Kif2B function (31) . Phosphorylation of the motor domain of the Drosophila kinesin-13 KLP10 by casein kinase inhibits activity. Interphase function of kinesin-13s is also regulated. Kif2A controls axonal branching (18) . The effects on axonal branching and microtubule-depolymerizing activity are regulated by phosphatidylinositol 4-phosphate 5-kinase ␣, which binds to the targeting and neck domains of Kif2A to accelerate depolymerization activity. Regulation by an Arf GAP and regulation through interaction with the motor domain, however, are unprecedented. , by siRNA treatment, on cell migration was examined using a wound healing assay using Ibidi wound healing assay chambers as described under "Materials and Methods." A single time point from a representative experiment is presented. C, migration of cells with reduced expression of Kif2A and AGAP1. Migration of cells treated with SMARTpool siRNA targeting either Kif2A or AGAP1 was determined using the wound healing assay. Migration was quantified as described under "Materials and Methods." D and E, effect of reduced AGAP1 or Kif2A expression on cell migration is independent of the specific siRNA. The experiment was conducted as described for Kinesin-13 function in interphase has not been extensively explored. Function in positioning lysosomes has been described (21), although the molecular mechanism was not examined. More recently, a connection to cell migration has been established (22, 23) . The effect could be mediated by control of focal adhesions (FAs). Microtubules regulate FAs (32) . Stabilization of microtubules increases FA turnover, whereas depolymerization of microtubules stabilizes FAs. AGAP1-reg- ulated Kif2A could affect FA dynamics by its activity to depolymerize microtubules. It is also plausible that cell migration is affected by control of organellar positioning, and with that, cell polarity (33) , which are possible functions of the AGAP1 downstream of Kif2A.
In summary, we have discovered a complex of AGAP1⅐Kif2A. Further studies are necessary to understand the molecular basis of reciprocal regulation of these two enzymes and the role of the complex in cellular behaviors. Anti-FLAG M2 affinity gel (catalog number A2220), anti-FLAG M5 (catalog number F4042) and anti-FLAG polyclonal Ab (catalog number F7425), and anti-Kif5B (catalog number AV33904) were purchased from Sigma-Aldrich, anti-Kinesinlike protein KIF2A (catalog number AB6050) was from Millipore (Temecula, CA), and anti-Kif3A (catalog number Ab95885) was from Abcam (Cambridge, MA). Anti-FLAG mouse monoclonal (9A3, catalog number 8146) was from Cell Signaling (Danvers, MA).
Materials and Methods
Plasmids and
Protein Purification-Bovine myrArf1 and His-AGAP1 were expressed in and purified from bacteria as described (8, 38) . His-tagged PH ([347-540]AGAP1) and GLDPH ([64 -540]AGAP1) were expressed as described for His-AGAP1. Proteins were purified by gradient chromatography on a 5-ml HisTrap HP TM column (GE HealthCare Life Sciences), eluting with imidazole, followed by a size exclusion column (HiPrep OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 26/60 Sephacryl S-100 HR) developed in 20 mM Tris, pH 8.0, 200 mM NaCl, and 1 mM DTT. Full-length Kif2A and fragments of Kif2A were purified by a 5-ml HisTrap HP TM column followed by a HiLoad 16/60 Superdex 75 size exclusion column using the same buffers as for AGAP1.
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Cell Culture, Immunoprecipitation, and GST PulldownHeLa cells were maintained in Dulbecco's modified enriched medium (DMEM) containing 10% fetal calf serum, 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen) at 37°C with 5% CO 2 . Cells were transfected with plasmids directing expression of FLAG-tagged AGAP1, ASAP1, ARAP1, and ACAP1 using Lipofectamine 2000 (Invitrogen). Immunoprecipitation was carried out as described previously (29) . Monoclonal anti-FLAG Ab or polyclonal anti-Kif2 Ab were used. GST pulldown experiments were performed by incubating 1 mg of Hela cell lysate with 30 g of GST-AGAP1 or GST on GSH beads for 1 h at 4°C. After washing the GSH beads with PBS three times, proteins were eluted from the beads in a 2-fold concentrate of SDS sample buffer and analyzed by SDS-PAGE followed by immunoblotting using an antiKif2A antibody. For in vitro GST pulldown, 30 g of GST-fused fragments of AGAP1 were incubated with 100 nM His 10-Kif2A at 37°C for 30 min. The beads were then washed with PBS three times, and proteins were eluted and analyzed as described for the cell lysates.
Immunofluorescence-To analyze the relative localization of proteins, HeLa cells were transfected, using Lipofectamine 2000, with plasmids directing expression of relevant proteins. 24 h later, the cells were replated on fibronectin-coated coverslips and maintained in serum-free Opti-MEM (Invitrogen) for 6 h prior to fixing and immunostaining. Images from fixed cells were collected with a Leica SP8 laser scanning confocal microscope, using a 63ϫ, 1.4 NA objective (Leica Microsystems Inc., Buffalo Grove, IL). 2-3-mm Z stacks with a spacing of 0.3 mm were taken of the area contacting the coverslip.
Leica AF software was used to produce images. Single confocal slices were exported, and then Adobe Photoshop and Illustrator (Adobe Systems Inc., San Jose CA) were used to prepare composite figures. Scale bars were removed from the original images and replaced with a more visible version in the final composite image.
GAP Assay-Arf GAP assays were performed as described in Ref. 39 . Lipid necessary for the reaction was provided as LUVs composed of 40% (mole percent) phosphatidylcholine (PtdCho), 25% phosphatidylethanolamine (PtdEt), 15% phosphatidylserine (PtdSer), 9% phosphatidylinositol (PtdIns), 1% PtdIns(4,5)P 2 , and 10% cholesterol prepared as described previously (38, 40) .
ATPase Assay-ATPase assays were carried out using the HTS kinesin ATPase Endpoint Assay Biochem Kit (BK053) from Cytoskeleton, Inc. (Denver, CO) according to the manufacturer's manual using half-area 96-well plates and a SpectraMax M5.
Liposome Floatation Assays and Mass Spectrometry-Lipids were purchased from Avanti Polar Lipids (Alabaster, AL). 10 M AGAP1 GLDPH protein was incubated with 1 mM LUVs (40% PtdCho, 19.8% PtdEt, 0.2% rhodamine-PtdEt, 5% 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] DGS-NTA (Ni 2ϩ ), 15% PtdSer, 9% PtdIns, 1% PtdIns(4,5)P 2 , and 10% cholesterol) for 5 min at room temperature. 300 g of HeLa cell lysates were added to the LUVs in a total of 200 l and incubated for 15 min at room temperature. For the floatation assay, 200 l of lysis buffer (50 mM HEPES, pH 7.4, 120 mM potassium acetate, 1 mM MgCl 2 , and 1 mM DTT) containing 60% (w/v) sucrose were mixed with 200 l of the mixtures of LUVs and lysates to a final concentration of 30%, and then overlaid with 60 l of 25% sucrose in lysis buffer. The bound proteins were floated with LUVs by centrifugation in an S55-S swinging bucket rotor (Thermo Scientific) at 53,000 rpm (240,000 ϫ g) for 30 min at 4°C. The bound proteins were dissolved in SDS sample buffer, separated by SDS-PAGE, and visualized with Coomassie Blue dye. The protein bands were reduced, alkylated with iodoacetamide, and in-gel trypsin-digested for 16 h at 37°C, as described (41) . For mass spectrometry analysis, the dried peptides were resuspended in water containing 2% acetonitrile, 0.5% acetic acid and injected onto a 0.2 ϫ 50-mm Magic C18AQ reverse phase column (Michrom Bioresources, Inc.) using the Paradigm MS4 HPLC (Michrom Bioresources, Inc.). Peptides were separated at a flow rate of 2 l/min followed by online analysis by tandem mass spectrometry using an LTQ ion trap mass spectrometer (Thermo Scientific) equipped with an ADVANCE CaptiveSpray ion source (Michrom Bioresources, Inc.). The raw mass spectrometry data were searched against the International Protein Index (IPI) database using TurboSEQUEST in BioWorks version 3.2 (Thermo Electron).
Cell Spreading and Migration-For cell spreading and migration assays, SMARTpool siGENOME human AGAP1 siRNA, SMARTpool siGENOME human Kif2A siRNA, the set of four individual siGENOME AGAP1 siRNA or siGENOME Kif2A siRNA, and control siRNA (siCONTROL non-targeting siRNA #4) were from GE Dharmacon. For rescue experiments, siRNA against AGAP1 (AGAP1 siRNA targeted region: 3Ј-UTR catalog number A-020452-13) and Kif2A (siGENOME Kif2A siRNA targeted region 33Ј-UTR, 5Ј-GGAUAUAGCUGCUG-GACCAUU-3Ј) and control siRNA (siCONTROL non-targeting siRNA #4) were also from GE Dharmacon. Subconfluent HeLa cells were transfected with 100 nM siRNA using Dharma-FECT transfection reagent 1 (GE Dharmacon, Lafayette, CO). 48 h after siRNA transfection, cells were transfected with plasmids expressing FLAG-AGAP1, Kif2-GFP, or an empty vector (pCI) using Lipofectamine 2000 reagent (Invitrogen). To measure cell spreading rates, 72 h after the initial siRNA transfection, cells were replated onto coverslips that had been coated with 10 g/ml fibronectin. After 20 min, the cells were fixed with 4% paraformaldehyde for 20 min. Cells on coverslips were washed with PBS and quenched with 50 mM NH 4 Cl/PBS. The cell area was measured based on F-actin staining by rhodaminephalloidin. Cell migration was measured in a wound healing assay using Ibidi wound assay chambers (Ibidi GmbH, Martinsried, Germany). 48 h after transfection with siRNA targeting AGAP1 or Kif2A or with an irrelevant control siRNA, MDA-MB-231 cells were trypsinized and resuspended in DMEM with 10% FBS. 70 l of cell suspension (5 ϫ 10 5 cells/ml) were seeded into each well of the insert. After 24 h, the culture inserts were removed, and the cells were incubated with fresh medium DMEM with 10% FBS for 8 -10 h. The cell migration into the defined cell-free gap (500 m) was observed by taking timelapse phase contrast images for up to 10 h. Repair of the artificial "wound" (% of migration) was quantified as follows: migration (%) ϭ ((1Ϫ(width of GAP at 0 h/width of GAP at a specific hour)) ϫ 100.
Two-hybrid Screens-The two-hybrid screens were carried out by Myriad Genetics, Inc. Myriad's method is based on the nuclear yeast two-hybrid methodology originally developed by Fields and Song (42) . Myriad used the following protocol for the screen.
The DNA-binding domain vector for constructing baits was pGBT.superB. It carries an Escherichia coli origin of replication (ori) and a kanamycin resistance gene (Kan) for maintenance and selection of the plasmid in E. coli. The Saccharomyces cerevisiae TRP1 gene is included for selection in yeast, and CEN and ARS sequences are included for maintenance of the plasmid at single copy in yeast. Baits were placed in-frame, C-terminal to the Gal4 DNA-binding domain (nucleotide 1-441 coding sequence in GAL4), followed by the ADH1 transcriptional terminator sequence. The ADH1 promoter drives expression of the fusion between the Gal4 DNA-binding domain and bait. This vector also contains a 1.6-kb CEN6 sequence inserted into the multiple cloning site between EcoRI and SalI sites. This prevents empty bait vector from propagating in yeast.
Prey libraries were constructed in pGAD.PN2. It carries an E. coli origin of replication (ori) and an ampicillin resistance gene (Amp) for maintenance. The S. cerevisiae LEU2 gene is included for selection in yeast, and CEN and ARS sequences are included for maintenance of the plasmid at single copy in yeast. Preys are placed C-terminal to the Gal4 activation domain (nucleotide 2301-2643 coding sequence in GAL4), followed by the PGK1 transcriptional terminator sequence. The ADH1 promoter drives expression of the fusion between the Gal4 activation domain and prey.
The yeast strain used to maintain the bait plasmids is PNY200 (MAT␣ ura3-52 ade2-101 trp1-901 his3-⌬200 leu2-3,112 gal4⌬ gal80⌬). The yeast strain used to maintain the prey constructs is BK100 (MATa ura3-52 trp1-901 his3-⌬200 leu2-3,112 gal4⌬ gal80⌬GAL2-ADE2 LYS2::GAL1-HIS3 met2:: GAL7-lacZ). This strain is a derivative of PJ69-4A (43) . Double poly(A) selected mRNA were used for construction of the prey plasmids. First strand cDNA synthesis is initiated by priming with random decamers that contain a common tag sequence and a biotin blocker. Second strand synthesis is performed according to the Gubler-Hoffman procedure, followed by blunt-ending with T4 DNA polymerase. The cDNA is purified and ligated with a DNA adaptor. The adaptor-ligated cDNA is subjected to gel filtration to remove free adaptors, followed by PCR amplification with a pair of primers that anneal to the 5Ј and 3Ј tags and contain tails for homologous recombination in yeast. The PCR-amplified DNA is gel-purified to remove fragments containing inserts shorter than ϳ250 bp and co-transformed with linear pGAD.PN2 vector into BK100 for homologous recombination in vivo. The yeast transformants are harvested from the selection plates and dispensed into aliquots for Ϫ80°C storage for future library screening experiments.
A mating-based method was used to screen for bait-prey interactions. Approximately 25-30 million MAT␣ yeast cells containing single bait were mixed with 60 million MATa library yeast cells and allowed to mate on filters. Between 5 and 10 million diploid yeast cells are routinely obtained for each mating. After mating, the cells are plated onto selective media. Transcription of two auxotrophic reporter genes (HIS3 and ADE2) with dissimilar promoters (see BK100 genotype) occurs if the bait and prey protein interact. Colonies are picked from the selection plates, and the prey inserts are identified by sequence analysis.
To confirm the interactions, the bait and prey plasmids are isolated from yeast diploids and electroporated into E. coli. Both bait and prey plasmids are purified followed by sequencing to confirm their identities. The bait and prey plasmid DNAs are co-transformed into a naive yeast strain to recapitulate the interaction. The confirmation test takes advantage of a third reporter gene (lacZ) and is based on a chemiluminescent reporter gene assay system. The specificity of the prey is investigated in a separate false positive test where the prey is tested against a mixture of several heterologous baits.
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